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Fig. 2-1. Measurement of pushing resistance of the lower part and frequency distributions of pushing 
resistance in BILs of Nipponbare × Kasalath. Pushing resistance of the lower part was measured when 
plants were bent to 45° (A). The values in the histogram are the means of five independent plants in 
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Fig. 2-2. QTLs for pushing resistance of the lower part, stem diameter, stem number, plant height, 
crown width, and lodging resistance by typhoon. N and K in parentheses indicate that Nipponbare and 
Kasalath alleles had a positive effect. QTL for lodging resistance by typhoon was analyzed with 98 






Table 2-1. QTLs for pushing resistance of the lower part, stem diameter, stem number, lodging 
resistance by typhoon, and asynchronous heading 







  LOD DPE a r2 b 
5 4 C946 2.02 N 0.089 Pushing resistance of 
the lower part  5 (prl5) C1081 2.08 K 0.113 
  6 R2171 3.98 N 0.174 
  11 (prl11) C82 1.78 N 0.130 
  12 G1406 2.68 N 0.130 
Stem diameter 6 1 C885 4.48 K 0.190 
  3 C595 2.62 N 0.148 
  6 C358 2.36 K 0.099 
  7 C451 2.78 K 0.122 
  8 C10122 3.42 K 0.169 
  12 R3375 2.67 K 0.119 
Stem number 5 2 R26 1.70 K 0.089 
  4 R347 4.36 K 0.190 
  7 R1488 2.77 K 0.121 
  8 R902 1.77 K 0.075 
  9 C570 1.73 K 0.092 
3 5 R1838 3.03 K 0.133 Lodging resistance by 
typhoonc  5 C246 1.66 K 0.075 
  6 R2549 3.52 N 0.152 
1 7 R1488 3.11 K 0.140 Asynchronous 
heading       
a DPE, Detection of phenotypic effect. N and K indicated that Nipponbare and Kasalath alleles 
increased the value, respectively. b r2, Phenotypic variation explained by each QTL. c Lodging 
resistance by typhoon was observed on October 2, 2002, the day after the season’s 21st typhoon 
had hit.   
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Table 2-2. The length of heading period in a plant in Nipponbare and NILah7 
 Length of heading period (days) 
   Nipponbare 6.71 ± 0.18 
   NILah7          8.71 ± 0.18*** a 














Fig. 2-3. Log of the odds ratio (LOD) of QTLs controlling pushing resistance of the lower part (black 
line) and lodging resistance by typhoon (dashed line) on chromosome 5. The bars show the Kasalath 
segment in the NILs. The chromosome region of prl5 is shown as a black bar. QTLs for pushing 
resistance of the lower stem and lodging resistance by typhoon were analyzed with 98 BILs in 2001 




Fig. 2-4. Graphical genotypes of three NILs: NIL43, NIL60 and NIL63. The 12 bars represent the 
chromosomes in Nipponbare, numbered at the top. The horizontal lines on the bars show positions of 
marker loci used in marker-assisted selection. Kasalath segments are shown as gray bars. QTLs in 
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Fig. 2-5. Pushing resistance of the lower part and lodging resistance in NILs and Nipponbare (control). 
The values are the means of six independent plants in each line; vertical bars = SE. *, **, ***; 











Table 2-3. Morphological traits and characters and components in lower stems of Nipponbare and 
NILs. Data are expressed as means ± SE of nine or more plants 
Traits Nipponbare NIL43 NIL60 NIL63 
Heading date 23, August 25, August 11, August 25, August 
Traits related to plant type and yield   
Plant height (cm) 106.0 ± 1.5   101.6 ± 1.4**a 112.0 ± 1.0**   115.8 ± 0.8*** 
–2 leaf height (cm)   37.0 ± 0.8  35.7 ± 1.0   35.3 ± 1.4     39.1 ± 1.2 
Stem diameter (mm)     3.8 ± 0.1    4.0 ± 0.1     4.0 ± 0.1       4.3 ± 0.1** 
Stem number   17.4 ± 1.1  17.8 ± 1.1   16.9 ± 1.3     18.2 ± 1.2 
Crown width (mm)   58.1 ± 1.7  77.5 ± 3.4***   67.8 ± 3.6*     67.3 ± 2.6** 
 (100%)c     (133%)      (117%)        (116%) 
Yield (g plant–1)   28.2 ± 1.6     28.3 ± 1.9   36.1 ± 3.6     31.1 ± 2.6 
Upper parts weight (g)   16.8 ± 1.0  18.3 ± 1.0   16.7 ± 1.2     24.1 ± 1.9*** 
Root weight in soil     
10 cm depth (g)   3.35 ± 0.34  3.35 ± 0.53   2.63 ± 0.35**     4.35 ± 0.49* 
20 cm depth (g)   0.65 ± 0.17  0.42 ± 0.06   0.52 ± 0.14     0.77 ± 0.16 
30 cm depth (g)   0.10 ± 0.04  0.09 ± 0.05   0.06 ± 0.02     0.10 ± 0.02 
Characters of lower stems    
Weight (g)     1.0 ± 0.1    1.5 ± 0.1***     1.6 ± 0.1***       2.1 ± 0.1*** 
 (100%)     (150%)      (160%)        (210%) 
Densityb (g cm–3)   0.08 ± 0.00     0.10 ± 0.01**   0.11 ± 0.01**     0.12 ± 0.01*** 
 (100%)     (125%)      (138%)        (150%) 
Components in lower stems    
131.4 ± 51.5   457.8 ± 122.2**  659.2 ± 136.8** 1334.1 ± 178.9*** Starch 
(µmol hexose g–1 DW)      (100%)     (348%)       (502%)      (1015%) 
320.5 ± 68.0   465.5 ± 44.3*  505.3 ± 21.6*   641.0 ± 25.5** Sucrose 
(µmol hexose g–1 DW) (100%)     (145%)       (158%)        (200%) 
  66.3 ± 10.8  71.6 ± 4.8    89.8 ± 10.8   124.4 ± 10.1** Hexoses 
(µmol hexose g–1 DW) (100%)     (108%)       (135%)        (188%) 
Silicon (counts s–1)   41.0 ± 1.6  30.8 ± 2.0***    34.4 ± 1.2*     23.6 ± 2.1*** 
 (100%)       (75%)         (84%)          (58%) 
a ***,**,*; Significant at P = 0.001, 0.01 and 0.05, respectively. b Density of lower stem = lower 
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Fig. 2-6.  Representative energy-dispersive X-ray fluorescence spectra of lower stem material. Dried 
samples were powdered and pressed into tablets. Measurement was performed at 30-kV for 600 s; 
silicon was analyzed at 1.739-keV. 
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Fig. 3-1.  Time-related and positional changes in contents of starch, sucrose, and hexoses in flag leaf 
sheaths and -2 leaf sheaths before and after heading. A leaf sheath was cut every 3 cm and divided into 
six or seven parts (A), and carbohydrate contents were measured in each part (B). DAH=days after 
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Fig. 4-1. Pushing resistance and culm stiffness in Nipponbare (control) and NIL63. The data are the 
mean of six or more independent plants in each line and vertical bars indicate the standard errors. ***, 
















Table 4-1. Ear weight, grain number, and yield in Nipponbare and NIL63 
 Ear weight (g) Grain number Yield (g plant–1) 
   Nipponbare 2.14 ± 0.15 85.5 ± 4.92 29.1 ± 0.27 
   NIL63 2.19 ± 0.41 81.3 ± 3.39 28.1 ± 1.19 








Fig. 4-2. Changes in carbohydrates contents in culms of Nipponbare (control, black line) and NIL63 
(red line). The data are the mean of five independent plants in each line and vertical bars indicate the 
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Fig. 4-3. Changes in carbohydrates contents in leaf sheaths of Nipponbare (control, black line) and 
NIL63 (red line). The data are the mean of five independent plants in each line and vertical bars 
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Fig. 4-4. Chlorophyll degradation of leaf blades (A, B, C, D) and the ration of chlorophyll a to 
chlorophyll b (Chl a/b ratio, E, F) in Nipponbare and NIL63. The data are the mean of five 
independent plants in each line and vertical bars indicate the standard errors. ***, **, *; Significant at 
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Fig. 5-1. Pushing resistance values of the whole plant and of the lower part in nine rice cultivars. The 
data represent the means of four or more independent plants in each cultivar. Vertical bars indicate the 
standard errors. The numbers in parentheses indicate the ratio of lodging resistance to sturdiness of the 
























Table 5-1. Correlations between the ratio of lodging resistance to the 
sturdiness of the lower part (RLS) and morphological or componential 
traits 
Traits Correlation with RLS 
Heading date 0.460 
Traits in upper part of plant  
Plant length 0.274 
Length from the ground to the ear 0.054 
DPE        0.907*** 
Weight of upper parts 0.169 
Weight of upper parts per stem 0.573 
Moment of weight of upper parts 0.218 
Moment of weight of upper parts per 
stem 0.533 
Ear weight per plant  0.132 
Ear weight per stem  0.540 
Moment of ear weight  0.132 
Morphological traits  
Crown width  0.047 
Stem number -0.039 
Stem diameter   0.663 
Weight of lower stem     0.726* 
Density of lower stem -0.358 





DPE : Difference between plant length and length from the ground to 










Table 5-2. Correlations of ear weight per plant with heading date, 
traits in upper part, morphological traits and components in lower stem 
Traits Correlation with ear weight 
Heading date  -0.161 
Traits in upper part of plant  
Plant length   0.156 
Length from the ground to the ear   0.103 
DPE   0.228 
Stem and leaf weight       0.883** 
Morphological traits  
Crown width     0.726* 
Stem number     0.709* 
Stem diameter   0.128 
Weight of lower stem  -0.141 
Density of lower stem  -0.204 
Chemical components of lower stem  
Silicon  0.387 
Starch -0.459 
Sucrose      -0.839** 
Hexoses -0.529 













































































































Fig. 5-2.  Improvement of the lodging resistance of rice plants. (A) A semi-dwarf cultivar resulting 
from the presence of sd-1, with higher lodging resistance. (B) A cultivar with improved pushing 
resistance of the lower part as a result of the presence of prl5 quantitative locus. (C) Decreased loss of 
sturdiness of the lower part with respect to the characteristics of the upper part of the plant. (D) New 
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 Lodging of crops is an important problem in agriculture. The cause of lodging is the lack 
of proportionality between the weight of the upper part and the sturdiness of the lower part. In 
breeding for lodging resistance, the target has been limited to reducing plant height. However, 
plant height is not necessarily the most important factor determining lodging resistance. In 
addition, there is an optimum plant height for maximum photosynthetic capacity. This study 
hypothesized that improving pushing resistance of the lower part might improve lodging 
resistance. To test this hypothesis, a locus for pushing resistance of the lower part in rice 
(Oryza sativa L.) was identified, and was analyzed its physiological function with the 
near-isogenic lines (NILs). While, the factor responsible for the decreasing sturdiness of the 
lower part by the upper part was analyzed in the rice cultivars with different plant lengths. 
 Quantitative trait loci (QTLs) controlling pushing resistance of the lower part were 
analyzed in a population of backcross inbred lines of japonica Nipponbare × indica Kasalath. 
Five QTLs for the pushing resistance were detected, only one QTL from Kasalath on 
chromosome 5 (prl5) had a positive effect. The pushing resistance of the lower part and 
lodging resistance in the NILs carrying prl5 were up to twice as high as in Nipponbare as the 
control. prl5 did not affect plant height, the yield, root characteristics, or the weights of the 
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upper parts. This locus showed higher density (weight/volume), heavier weight and greater 
accumulation of carbohydrate in the lower stem at the full-ripe stage than in Nipponbare. 
These results suggest that prl5 might affect the characteristics of the lower stems of the NILs 
thus increasing lodging resistance. 
 The physiological analysis of prl5 was shown the reason for the carbohydrate retention in 
the stem after heading in the NIL. prl5 did not cause greater accumulation of carbohydrate in 
the stem at heading, but showed higher carbohydrate reaccumulation after grain filling. 
Chlorophyll degradation in the leaf blades of the NIL was slower, and the chlorophyll content 
after grain filling was higher than in the control. These results suggest that the delay in leaf 
senescence by prl5 results in carbohydrate reaccumulation in the stem after grain filling, 
increasing lodging resistance. 
 The ratio of lodging resistance to sturdiness of the lower part (RLS) was calculated by the 
difference in pushing resistance between the lower part and the whole plant. RLS did not 
correlate with plant length and the weight of the upper part of the plant. While the difference 
between plant length and length from the ground to the ear (DPE), as well as the weight of the 
lower stem, were positively correlated with RLS. These results suggest that improvements in 
DPE and in the weight of the lower stem could be primary targets for improving RLS. 
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 prl5 is the new target to improve lodging resistance, and is the suitable locus for stable 
production of crop without yield loss. The improvement in RLS would maximize the effect of 
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